Numerical study is conducted to investigate the fluid-structure interaction around a static circular cylinder in two and three dimensional simulations. The cylinder with an elastic surface is fixed in uniform flow at Reynolds number 1000. The objective is to investigate the influence of elastic surface on the fluid forces around the cylinder. The continuity equation, Navier-Stokes equations and Poisson equation are solved by Marker and cell method. The elastic wall is treated by a mass-spring-damper force model that is solved with fluid forces referred from the flow simulation. As a result, it is obtained that the elastic surface at the back side of cylinder (Model D) decreases the drag force on the cylinder.
Introduction
Fluid-structure interaction (FSI) problems can be observed in many industrial and engineering applications, such as marine's pipeline design, underwater tunnels, power electrical transmission lines, bundles of tubes in heat exchangers, bridge piers and cables. Therefore, numerous studies have been carried out to investigate about this phenomenon. In this field, a circular cylinder forms the basic component of structures so that cylindrical geometries often appear in engineering structures. The separated wakes from the bluff bodies are nearly impossible to predict analytically, hence they are investigated by experiment and numerical simulation [1] .
The flow around circular cylinders has been studied by various researchers in the past [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The main issues in the latter applications are to reduce the unsteady fluid forces on the object. The pressure difference around a flexible surface in flowfield can be reduced in comparing with rigid case. The reduction of the pressure difference alters the flow pattern and pressure distribution around the object. Based on this concept, our objective is to reduce the drag force via the passive deformation of elastic surface on a stationary circular cylinder and to predict the results by 2D and 3D simulations. Nakata et al. [7] have conducted an experimental study about the increase of the vortex shedding frequency from an elasto-flexible cylinder in uniform flow. They have found that the rigid-front-flexible-rear (RFFR) cylinder models have showed about 20% higher Strouhal number than the rigid cylinder. In their study it was seen that in the flow around the RFFR cylinder, the vortices separated from model are forced to be generated and are accelerated in their growth and their departure from the cylinder due to the passive deformation of the cylinder surface in addition to the ordinary vortex shedding mechanism for the rigid cylinder. Furthermore, the time-averaged position of the flow separation was moved about 10 deg. to 20 deg. backward along the surface, which made the wake region become narrower. It is considered that this fact leads to decrease the drag force on the cylinder. Their study was based on large surface deformation at Reynolds number 10000. On the other hand, our study is based on small surface deformation at Reynolds number 1000. Therefore, in our study the position of flow separation movement is not significant. In this study the reduction of drag force is based on the reduction of pressure difference at the back side of cylinder.
Here, a single circular cylinder is fixed in uniform incompressible flow and investigated by using Computational Fluid Dynamics (CFD). The main objective is to reduce the fluid forces via the passive deformation of elastic surface. Thus, the coupling method is used to solve the surface deformation of the object with respect to flow field, so two-dimensional (2D) and three-dimensional (3D) incompressible Navier-Stokes equations are coupled with the mass-spring-damper motion equation.
Methodology
Flowfields are solved using the continuity equation (1) and Navier-Stokes equations (2) . The Poisson equation (3) is derived by the divergence operation of the Navier-Stokes equations. Following Marker and cell (MAC) method, the momentum and Poisson equations are solved for velocity and pressure components, respectively.
The convective term of Navier-Stokes equation is discretized by the third-order upwind Kawamura-Kuwahara scheme (5) [6] . The second-order central difference scheme is adopted for the other terms. The discretized equations are solved by the Successive over-relaxation (SOR) method. 
Here, the convective term is linearized for u n+1 as follow:
Boundary conditions
In the case of rigid surface cylinder, the no-slip condition is used for the velocity on the cylinder. On the other hand, the moving velocity is imposed on the surface in the case of elastic surface cylinder. The free-stream values are assigned for the velocity at the upstream boundary. Non-reflecting Sommerfeld boundary condition is specified at the downstream boundary [14] . The pressure components along the upstream and downstream boundaries are prescribed zero value. The Neumann condition is imposed for cylinder surface.
In 3D case, The Neumann boundary condition is applied to the boundaries on the upper and lower surfaces of the computational domain for both velocity and pressure components.
Flexible wall model
In this study the elastic wall is treated by the mass-spring-damper model. The motion of the elastic surface is determined by equation (8) . Here, the superscript i shows the index of the grid point on the elastic wall and S indicates the displacement of the elastic surface. Based on our experiments, the elastic wall is considered with non-dimensional angular frequency ω =1.0 and non-dimensional structural damping ratioζ=0.64. 
Computational conditions
This study deals with viscous fluid at Reynolds number 1000. The Reynolds number is based on the diameter of the cylinder, free-stream velocity and the viscosity of the fluid. The non-dimensional time increments in 2D and 3D simulations are 5×10 -4 and 2×10 -3 , respectively.
Computational grid
An isolated cylinder of unit radius is resided in a circular computational domain as shown in Fig. 2 . The diameter of outer boundary of the computational domain is 50 times of the cylinder diameter. In this study a boundary-fitted coordinate system is applied. In case of 3D simulations, the span-wise length of the computational domain is three times of cylinder diameter. The number of grid points and the minimum mesh size are applied as follows:
2D simulations: i max ×j max =201×90, ∆s=1×10
3D simulations: i max ×j max ×k max =201×90×30, ∆s=1×10 Fig.2 Computational grid in 2D and 3D cases
Computational Results
This study aims to investigate the flowfield around a static circular cylinder with rigid and elastic surfaces. Here, the expression of model A is associated with the cylinder in rigid case. Model B expresses that the half back side of the cylinder is treated via an elastic surface (rigid-front-flexible-rear).The expression of model C stands for the cylinder in which the whole surface of the cylinder is considered as an elastic surface. Model D means that a part of back side of the cylinder is covered by an elastic surface, shown in Fig. 3 . Fig.5 , the specified isosurface values of vorticity and pressure fields are -0.4, 0.4 and -0.18, 0.18, respectively. It is observed that the 2D and 3D flows around static cylinder for all models show periodic vortex shedding. In all cases, vortices are shedding alternately from both sides of the cylinder. For 2D flow, the vortices are organized for all models. The wake in 3D case shows three-dimensionality for all models. Due to three-dimensionality effect, the vortices are not so organized comparing with 2D flow. Therefore, in 3D simulations the dominant frequency corresponding to the lift coefficient doesn't show smooth peaks. Figures 6 and 7 show the close-up of 2D and 3D vorticity field and surface deformation for model A, B, C and D. It is observed that the positive pressure field pushes the surface of cylinder, while negative pressure field pulls the surface of cylinder. Consequently, the surface deformation takes place. Figures 8 and 9 show the 2D and 3D lift and drag coefficients, and the Strouhal number for model A, B, C and D. Here, CD is drag coefficient, CL is lift coefficient (Cd and Cl refer to drag and lift coefficients for 2D case) and P is power spectrum. U ∞ is freestream velocity of the flow, t is time and D shows the diameter of the cylinder. The mean drag coefficient, the lift coefficient using RMS (root-mean-square) value and the Strouhal number corresponding to the dominant frequency of the lift coefficient, for all models are shown in Table 1 .
The shedding frequency is presented as the non-dimensional Strouhal number, defined as St=f s D/U ∞ , where f s is the shedding frequency, D is the diameter of the cylinder and U ∞ is the freestream velocity of the flow. The Strouhal number is calculated through fast Fourier transform (FFT) of the lift force. From the results, it is obtained that when the flow interacts with the elastic surface of the cylinder, the surface of the cylinder deforms and the passive surface deformation alters object shape, the flow pattern, pressure distribution and the wake around it. In the case of model B and C, the surface deformation caused by the vortices at vicinity of the cylinder, enlarges the diameter of the cylinder (shown in Figs. 6 and 7) . The increase in diameter of the cylinder leads to increase the size of the wake, and the fluid forces around cylinder are increased accordingly. Therefore, the drag and lift coefficients for model B and C comparing with model A, are increased in both 2D and 3D simulations, (shown in Table 1) .
For model B, it is observed that due to the surface deformation, a round shaped corner is created along the surface of cylinder which is near to the flow separation regime. The deformation of round shaped corner near to flow separation leads to increase the vortex shedding frequency which could be noticed in 2D case.
For model C, the cylinder surface deforms and the cross section area of cylinder increases comparing with model A. Therefore, the shedding frequency is reduced, shown in Table 1 .
In model D, the elastic surface is fixed at back side of cylinder. The starting and the ending points of elastic surface are fixed more backward (around 15 deg.) along the cylinder surface comparing with model B. Using this model, the increase of the diameter of the cylinder through Y direction has been prevented. As a result, the back-side surface of the cylinder deforms without increase in the diameter of cylinder through Y direction. Meanwhile, due to the surface deformation (surface vibration), vortices are knocked from the cylinder surface so that the vortex departure process from the cylinder is getting faster comparing with the ordinary vortex shedding for the rigid cylinder. Therefore, the separated vortices in elastic case are weaker than the rigid case. Consequently, weak vortices lead to reduce the forces and decrease the pressure difference at back side of cylinder. As a result, the drag coefficient in 2D case and 3D case has been decreased around 5% and 3%, respectively (shown in Fig. 10) .
In 2D simulations, the structure of the flow along the spanwise direction is completely ignored. Therefore, the 2D computations over-predict the lift force, the drag force and the shedding frequency (Strouhal number) around cylinder, shown in Table 1 In order to estimate average surface deformation, different points are selected on the cylinder surface of model (shown in Fig.11 and Fig.13 ). Based on cylinder diameter, the mean value for the movement of each point along the cylinder surface is estimated, shown in Tables 2-3 . The non-dimensional time history of the elastic surface movement in 2D and 3D cases are shown in Fig.12 and Fig.14 . In order to study the effect of elastic surface on the fluid force with respect to the elastic surface type, model D is investigated for harder elastic surface with non-dimensional angular frequency ω =2.0 and non-dimensional structural damping ratioζ=0.32. Based on these parameters the average surface deformation of model D for 2D case and 3D case is estimated around 0.22% and 0.18% of cylinder diameter, respectively(shown in Table 4.) As a result, it is obtained that there is a reduction in drag coefficient for both soft and hard elastic surfaces comparing with rigid case (model A). But the effect of soft elastic surface is notice stronger compared to hard elastic surface, shown in following Fig.15 and Table 4 .
The average surface deformation values based on the diameter of cylinder and their parameter values for all models are shown in Table 4 . 
Conclusions
Numerical computation of FSI around an isolated static cylinder has been studied. The cylinder is fixed in uniform incompressible flow at Reynolds number 1000. The effect of elastic surface on the fluid force around the cylinder for various models has been presented in 2D and 3D simulations.
When the flow interacts with the elastic surface of the cylinder, the surface of the cylinder deforms and the passive surface deformation alters object shape, the flow pattern, pressure distribution and the wake around the cylinder. In the case of model B and C, the surface deformation enlarges the diameter of the cylinder. The increase in diameter of the cylinder leads to increase the size of the wake and consequently the fluid forces around cylinder are increased
In model D, the elastic surface is fixed at back side of cylinder. The starting and the ending points of elastic surface are fixed more backward along the cylinder surface comparing with model B. Using this model, the increase of the diameter of the cylinder through Y direction has been prevented. As a result, the back-side surface of the cylinder deforms without increase in the diameter of cylinder through Y direction. Meanwhile, due to the surface deformation (surface vibration), vortices are knocked from the cylinder surface so that the vortex departure process from the cylinder is getting faster comparing with the ordinary vortex shedding for the rigid cylinder. Therefore, the separated vortices in elastic case are weaker than the rigid case. Consequently, weak vortices lead to reduce the forces and decrease the pressure difference at back side of the cylinder.
The effect of elastic surface is confirmed through 2D and 3D numerical solutions. Two types of elastic surfaces have been investigated for model D, and it is obtained that the effect of elastic surface depends on the type of elastic surface. It is noticed that the effect of the soft 1-Using Model D, the 2D and 3D drag coefficients decrease due to the passive surface deformation at the back side of cylinder. 2-The soft elastic surface shows stronger influences on fluid force compared to the harder elastic surface, as far as the surface deformation is restricted within 1.0~2.0% of the cylinder diameter. 3-The 2D computations over-predict the lift force, the drag force, the Strouhal number as well as the effect of elastic surface.
